The nonhuman primate has been documented as a model of periodontitis that demonstrates extensive similarities to human periodontitis in clinical, microbiological and immunological features (1) (2) (3) (4) (5) (6) (7) . The human subgingival ecology has been shown to exhibit over 700 species of bacteria (8) and differs both qualitatively and quantitatively in health, gingivitis and periodontitis (9) . Recent studies have demonstrated a very similar microbiota inhabiting the oral cavity of rhesus monkeys (Macaca mulatta) (B.
Paster, AADR 2014, abst. #1588, personal communication).
It is clear that the oral microbiome is acquired early in life and varies among individuals, including in the types of commensal bacteria that are present, as well as in the quality and quantity of proposed opportunistic pathogens that trigger periodontitis later in life (10) (11) (12) (13) . There is minimal evidence that these pathogens are acquired exogenously in adults who develop periodontitis; accordingly, research has attempted to focus identification of risk by examining local inciting or environmental factors that would help to trigger the changes in prevalence and composition of bacteria responsible for periodontal disease and identifying genetic polymorphisms that could contribute to dysfunctional responses in the periodontium to the microbial challenge.
However, opportunistic pathogens can emerge in the ecology leading to chronic immunoinflammatory lesions and tissue-destructive events. It has been recognized that an individual's oral microbiome is acquired early in life, and evolves and matures over some time interval, but clearly becomes an intra-individual autochthonous ecology. In a subset of the human population, and our data support nonhuman primates as well, this ecological change either triggers a local disease process in the periodontium or is reflected in changes in the oral environment that select for more pathogenic biofilms. Routinely, when this process occurs it is in an adult or an aged individual. However, we have negligible information regarding the ontogeny of the various innate immune, inflammatory and adaptive immune-response pathways in gingival tissues of young individuals, and there are no data available that describe how variations in the evolving oral microbiome 'drive' not only the maturation of these pathways at the mucosal sites, but also how these microbial variations can result in dissimilarities in the maturation of host-response capabilities in the tissues.
We have been using the nonhuman primate model of periodontitis to explore the functional genomics involved in creating a local environment in the gingival milieu related to health, disease or increased risk for disease. As such, we have been targeting specific molecular pathways to determine the transcriptome in gingival tissues, as a representative mucosal tissue, obtained from animals representing young individuals (humans approximately 10 years of age) to aged individuals (humans approximately 70-80 years of age) (1, (14) (15) (16) . These studies have shown significant differences in the expression profiles of apoptosis pathway genes associated with aging, even in healthy gingival tissues (15, 16) . Differences were also noted in inflammasome gene pathways, including both receptors critical for signaling and downstream effector functions (17) , and in antigen processing and presentation pathways (18) , all focused on changes with aging that could presage disease risk and account for the increased incidence and severity of disease in aged individuals.
The existing literature supports that young individuals and adolescents harbor many of the oral microorganisms considered to contribute to periodontitis in adults (12, 19, 20) , and generally demonstrate a high prevalence of gingivitis; however, only rarely do they develop destructive periodontitis (20) . This report posits that the lack of progression of chronic inflammation in young individuals to a tissue-destructive process that is the hallmark of periodontitis is reflected by the differential expression of genes which are more tissue protective and help maintain the integrity of the tissues, even in the presence of persistent inflammation, in response to challenge by biofilm bacteria.
Material and methods

Nonhuman primate model and oral clinical evaluation
Rhesus monkeys (M. mulatta) (n = 23; 11 female and 12 male individuals), housed at the Caribbean Primate Research Center (CPRC) at Sabana Seca, Puerto Rico, were used in these studies. Healthy monkeys (five to seven per group) were distributed, according to age, into four groups: ≤ 3 years (young); 3-7 years (adolescent); 12-16 years (adult); and 18-23 years (aged). A protocol approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Puerto Rico enabled anesthetized animals to be examined for clinical measures of periodontal health, including probing pocket depth and bleeding on probing, as described previously (21) . Health was defined as mean mouth values of probing pocket depth of < 3 mm and bleeding on probing index of ≤ 1.
The nonhuman primates were typically fed a 20% protein, 5% fat and 10% fiber commercial monkey diet (diet 8773, Teklad NIB primate diet modified: Harlan Teklad, Indianapolis, IN, USA). The diet was supple- mented with fruits and vegetables, and water was provided ad libitum in an enclosed corral setting.
Tissue sampling and gene expression using microarray analysis A buccal gingival sample was taken from healthy sites of the premolar/ molar maxillary region of each animal using a standard gingivectomy technique and stored frozen in RNAlater solution. Total RNA was isolated from each sample of gingival tissue using a standard procedure, as described (16) , submitted to the microarray core for assessment of RNA quality and the transcriptome was analyzed using the GeneChip Ò Rhesus Macaque Genome Array (Affymetrix, Santa Clara, CA, USA) (16, 22 Neuron specific gene family member 1 (D4S234E) IL1F9 (IL-36 g) *Interleukin 1 family, member 9 SPRR2F
Small proline rich protein 2F (LOC717894) UPP1
Uridine phosphorylase 1 to our previously published methods (23) and those levels were compared across the RNA samples prepared from each of the healthy groups.
Data analysis
Normalization and background subtraction was accomplished using the robust multi-array average approach (24) . The parametric t-test (a = 0.01) was used subsequently to identify genes that changed significantly across a given pair of groups. A fold-change cut-off (of ≥ 2-fold) was subsequently imposed to eliminate noisy expression profiles. Differentially expressed genes that satisfied the fold-change cut-off across at least one of the six pairwise comparisons was chosen for subsequent analysis. JMP (version 10.0; SAS Inc., Cary, NC, USA) was used to create metagenes independently of group classification using principal components (PC) based on the correlation matrix. The plots are of the first two principal components analysis scores across the healthy tissues. The variability is explained by each of the scores indicated on the plots. The data were uploaded into the ArrayExpress database (www.ebi.ac.uk) under accession number: E-MTAB-1977.
Results
Differential gene-expression analysis using the parametric t-test (p < 0.01, fold change ≥ 2) across the four groups resulted in the identification of 159 genes. Relevance network (25) abstraction of the 159 genes was subsequently performed by connecting the highly correlated genes (Pearson Correlation, p < 0.01) by an undirected edge. Duplicate genes and those transcripts that were not annotated were dropped from the relevance network abstraction. Yifan Hu visualization of the relevance network is shown in Fig. 1 . The giant component of the network comprised 85 nodes and 235 edges; each node was connected to the others directly or indirectly and was subsequently partitioned into distinct communities using the Louvain method for community structure detection (26) implemented in Gephi 8.1 (27) . Seven communities with varying connectivity and number of genes were observed (Table 1 , Fig. 1 ) in the giant component. Community 1 consisted of 17 genes, including PIM27, IGJ and NAP1L3 with degree centralities of 14, 14 and 13, respectively. Interestingly, the IGJ gene codes for the immunoglobulin J polypeptide, which is the linker protein for IgA and IgM polypeptides. It also faciliates the binding of these immunoglobulins to secretory component at mucosal surfaces. The PIM27 oncogene belongs to the serine/threonine protein kinase family and is expressed primarily in Blymphoid cells, and contributes to both cell proliferation and cell survival (28) . NAP1L3 (nucleosome assembly protein 1-like 3) has been suggested to contribute to the RIG-I-like receptor signaling pathway and may have some role in the mucosal immune network (http://immunet-dev.princeton.edu/ genes/detail/homo-sapien/NAP1L3/). The average degree centrality of Community 1 was the largest among all the communities (~10), indicating a densely connected community and dominant players in the network. The (31) . The average expression profile of the members in Community 2 was similar to that of the members in Community 1, with a general decrease with adolescence and increasing levels of expression in adult and aged gingival tissues (Fig. 2) . Of the 17 genes in Community 1, 10 are associated with host immune responses, and Community 2 contains 20 genes, with five related to host responses and inflammation within this network. The average geneexpression profile across Community 7 also exhibited an increasing trend, somewhat similar to that of Communities 1 and 2. In contrast, Communities 3, 4, 5 and 6 exhibited increased gene expression in adolescence and showed a decreasing trend in the average gene-expression profile in tissues through adult and aged animals, to levels comparable with those found in young animals (Fig. 2) . Within these four communities, only Community 5 showed eight of 12 genes that were related to host immune responses. Finally, a group of three genes (IL1A, MUC4 and DEFB4A) was also identified as an isolated community that was connected to the giant component. The average expression profile was similar to that of Community 2. Interestingly, all three of these genes are intimately associated with host responses in the oral cavity and were TNFRSF17   SOCS1  IL1A  IRF4  RUNX1  PDCD2   TYK2   SPP1   IL8   AIRE   NFKB1   NFATC1   ITGB1  EEF1G  IL18   NFKBIZ   CXCL11   KLRD1   PTK   IKZF1   TNFSF11  LTB4R  SKI   ADA  IL17F   NFIL3  IL5  CIITA  MAPKAPK2   DEFB4A   C7 CCL19 Log 2 Fold Δ Fig. 3 . Volcano plot identifying gene-expression profiles between gingival tissues from young Macaca mulatta and gingival tissues from Macaca mulatta of all other age groups combined, based upon p-value and fold expression. The red horizontal dashed line denotes p < 0.05 and the vertical dashed lines denote differences in expression between young animals and animals in other age groups at AE 1.4 fold (log 2 = AE 0.5).
also identified as having altered expression when the array of genes involved in immunological responses was analyzed.
Based upon the features of the immune-system network of differentially expressed genes in Communities 1, 2 and 5, we explored an array of 511 genes reflecting host innate immune, inflammatory and adaptive immune responses (target set derived from Human Immunology Kit, NanoString Technologies; http:// www.nanostring.com/media/pdf/PDS_ nCounter_Human_Immunology.pdf). The results of this targeted gene identification in Fig. 3 are displayed in a volcano plot that identifies the immune-system genes that were differentially expressed in gingival tissues from young animals compared with animals in the other age groups. Table 2 is a summary of the differentially expressed and aging correlated immune-system genes in healthy gingival tissues. From this analysis we identified 97 genes with lower [underexpressed and/or significantly positively (p < 0.05) correlated] and 26 genes with higher (over-expressed and/ or negatively correlated) expression in gingival tissues of young animals. Some striking observations can be discerned from this catalogue of changes. First, evaluation of the cytokine/ chemokine differences support a more anti-inflammatory milieu in the gingival tissues of the young animals. This is evidenced by elevated expression of anti-inflammatory cytokines/receptors, such as IL22, IL17F, IL5 and TGFB1, with decreased expression of a range of proinflammatory cytokines/receptors (i.e. IL18, IL1A, IL6, TNFSF13B and CCR5). Expression of chemokines related to inflammatory and increased tissue-destructive potential (e.g. CXCL11, CCL5, CXCL13 and CCL19) were decreased in tissues from young animals. Decreased expression of transcription factor genes was identified for AIRE, CIITA, NFATC1, NFKB1, SKI, SOCS1 and TP53 in tissues from young animals.
The levels of NOD2, a pattern recognition receptor for intracellular infections and linked to proteasome function, were increased in gingival tissues from young animals. Expression of proteasome molecules, PSMB5 (proteasome subunit, beta type, 5), a catalytic subunit that is not present in the immunoproteasome and is replaced with catalytic subunit PSMB8, were also increased in the tissues from healthy young animals. Generally, decreased expression of genes related to intracellular signaling molecules was found in tissues from young animals, with the exception of SMAD5 (SMAD family member 5), which is involved in the transforming growth factor-b signaling pathway, and TYK 2 (a component of both type I and type III interferon signaling pathways), which were elevated. Similarly, the expression of cell-communication molecules was generally lower in tissues from young animals; only NCAM1 and PDGFB showed a decrease in levels of expression from young tissues to aged tissues. Expression of genes associated with cell development was decreased in tissues from young animals, except for EEF1G (eukaryotic translation elongation factor 1 gamma), which is responsible for the enzymatic delivery of aminoacyl tRNAs to the ribosome. All complement components that were differentially expressed in the healthy tissues were increased with aging. Changes in apoptosis-related genes demonstrated that PDCD2 (programmed cell death 2; encodes a nuclear protein that responds to BCL6 in regulating apoptosis), TNFSF10 [tumor necrosis factor ligand superfamily, member 10 (TRAIL), which preferentially induces apoptosis in transformed and tumor cells] and TNFSF15 (which acts as an autocrine factor to promote activation of caspases inducing apoptosis, particularly in endothelial cells) were elevated in tissues from young animals. Finally, a range of antimicrobial peptides were altered in gingival tissues, with both DEFB4A (human beta defensin 2) and IFIT2 (interferon-induced protein with tetratricopeptide repeats 2) being increased in gingival tissues from young animals compared with the gingival tissues obtained from animals in the other age groups. Table 3 provides the results of an evaluation in which gene expression obtained using microarray was compared with that obtained from a set of genes analyzed using qPCR.
The results demonstrate that the expression profiles exhibited identical changes in direction of expression, although with some variation in the absolute magnitude of difference in the gingival tissues from young animals, using these two independent assessments. Figure 4 shows the results of a principal components analysis of the immune-system genes in which the patterns of gene expression in healthy gingival tissues from young animals were compared with those in healthy gingival tissues of animals from the other age groups. The graph suggests a grouping of the young animals based upon this composite metagene; however, the results from animals in the other age groups tended to be spread across the various quadrants of the plot, suggesting many similarities in gene expression. This is supported by the fact that only 29% of the variation in expression is related to the age distribution for expression in healthy gingival tissues. The crucial gene-profile determinants of PC1 and PC2 were evaluated and are displayed in Table 4 . The loading values of 69 of 319 genes (PC1) showed an elevated correlation in their distribution among the young animals compared with other age groups. Similarly, 41 of 319 genes contributed primarily to the variation in PC2. Of the genes in PC1, 59 of 69 were highly positively correlated, with substantial representation of cytokines/chemokines, transcription factors, receptors and cell-communication molecules. In contrast, PC2 genes were primarily negatively correlated (23 of 41), displaying a different set of cytokines/chemokines and receptors. 
Discussion
Periodontal disease manifests as a persistent inflammatory response of the local tissues that has been suggested to reflect changes in the characteristics of the subgingival microbial ecology at diseased sites (32) (33) (34) . Additional findings in studies of periodontitis report the increased frequency and severity of disease with aging (35-37), leading to the consideration that periodontitis is a disease of aging related to altered immune functions that occur with increasing prevalence coincident with decades of life in the general population (38) , or potentially reflect changing oral environments that select for a microbial ecology with greater pathogenic potential.
Of additional interest is the other side of the aging pendulum in which it has been described that gingivitis is nearly universal in children and adolescents and generally responds well to improved oral hygiene and periodic professional care (20) . Gingivitis is the most common and prevalent disease of the periodontium among children and adolescents, with the incidence and severity increasing from childhood to adolescence, reaching a peak prevalence of 80% at 11-13 years of age (39) . However, beyond the small percentage (e.g. about 0.5-1%) of children/adolescents who express a rather unique form of periodontitis that has been termed localized/generalized juvenile periodontitis, early-onset periodontitis or localized/generalized aggressive periodontitis (40, 41) , the destructive form of this chronic inflammation of the gingiva does not generally occur in young individuals. This observation contrasts with the age-dependent inflammatory reaction of the gingival tissues that has been related to changes in the qualitative and quantitative microbiome of the dental biofilms, the characteristics of immune responses, hormonal changes and morphological differences in the periodontium that have been shown to increase the frequency of transition from the reversible inflammation of gingivitis to the irreversible tissue destruction of periodontitis in adults.
Of particular interest is that beyond the clinical features of inflammation in the gingiva of children, available data demonstrate the existence of oral bacterial species, identified as critical to pathogenic biofilms for periodontitis, in the supra-and subgingival plaque of many children (42, 43) . Thus, the microbial stimuli for triggering periodontitis are in the ecology, and the individuals respond to accumulation of these bacteria with gingival inflammation but uniformly do not progress to periodontitis. However, three decades later, a large percentage of these children/adolescents will develop periodontitis based upon current epidemiologic evidence (44, 45) and apparently in the absence of extrinsic acquisition of new oral pathogens (46, 47) . One interpretation of these observations and the hypothesis to be tested in this study is that the localized response of the gingival tissues in children to the microbial challenge is molecularly different from those responses in adults and results in a nondestructive management of the bacterial population. The results of this study demonstrated that a range of genes related to innate immunity, inflammation and adaptive immunity were expressed in gingival tissues of the young nonhuman primates. Using a network analysis strategy on a set of 159 genes from the total microarray analysis, we identified distinctive patterns of communities of networked genes that were differentially expressed in gingival tissues of young animals. These communities demonstrated a high representation of components of immunological pathways that were expressed in healthy gingival tissues of young animals compared with healthy tissues from other age groups. We then targeted, more specifically, a framework of a set of about 511 gene probes that are linked to innate immune, inflammatory and adaptive immune responses. From this we identified an array of approximately 123 that demonstrated differential expression in healthy gingival tissues of young animals and/or showed a significant correlation related to healthy gingival tissues across the lifespan.
Generally, these gene profiles were identified for cytokines/chemokines, transcription factors, receptors, signaling molecules, cell communication factors, cell development molecules, complement components, apoptosis pathway molecules and antimicrobial peptides. Of the 123 genes, 79% showed decreased expression in healthy gingival tissues of young animals compared with healthy gingiva of animals in other age groups. A high frequency of expression of immune-related genes was related to transcription factors, in that~35% of the genes that were differentially expressed were increased in the tissues of young animals. These transcription factors included AIRE (role in immunity by regulating the expression of autoantigens and negative selection of autoreactive T-cells), CIITA (essential for transcriptional activity of the HLA class II promoter), NFATC1 (plays a role in the inducible expression of cytokine genes in T-cells, especially in the induction of transcription of IL2 or IL4 genes), NFKB1 (a pleiotropic transcription factor present in almost all cell types that responds to a vast array of stimuli for many biological processes, including inflammation, immunity and apoptosis), SKI (a repressor of transforming growth factor-b signaling), SOCS1 (part of a classical negative-feedback system that regulates cytokine signal transduction) and TP53 (regulates expression of target genes related to cell cycle arrest, apoptosis and senescence). Although the exact relationship among this array of transcription factors is not obvious, it does appear that they are associated with T-cell regulation of responses, control of anti-and pro-inflammatory responses and can contribute to increased apoptosis, which we have noted previously in gingival tissues of young animals (16, 48) . This was also observed with multiple pro-apoptotic genes (PDCD2, TNFSF10 and TNFSF15) that were elevated in the gingival tissues of young animals.
A limited array of cytokines/ chemokines was expressed at elevated levels in the gingival tissues of young animals. IL17F is expressed by activated T cells and stimulates the production of cytokines, including interleukin-6, interleukin-8 and granulocyte-macrophage colony-stimulating factor. Interleukin-5 is an anti-inflammatory cytokine synthesized by Thelper 2 immune cells and acts as a growth and differentiation factor for B cells and eosinophils. Interleukin-22 is a member of the interleukin-10 family of anti-inflammatory cytokines. It plays a role in coordinating adaptive and innate immune responses and primary targets are nonhematopoietic cells, including epithelial cells. Transforming growth factor-b1 is a member of the transforming growth factor-b family of cytokines that regulate proliferation, differentiation, adhesion and migration of many cell types. It is a potent stimulator of osteoblast functions and considered an antiinflammatory cytokine. Thus, it appears that some of these unique features of the responses in young gingival tissues are also related to controlling T-cell functions and creating a more prominent anti-inflammatory regulatory microenvironment. These findings suggest that novel gene patterns could provide some guidance regarding the apparent 'resistance' of the periodontium in the young in response to a microbial challenge, eliciting an inflammatory response but lacking progression to destructive periodontitis, even in the presence of this clinical/molecular gingival inflammation. However, we still have little understanding of how the acquisition of the oral microbiome contributes to the development and maturation of the immune-response repertoire in gingival tissues (49) . Knowledge of this process will potentially help to clarify the early tissue alterations that could translate into longer-term risk for disease, as well as focusing efforts on approaches to effectively modulate microbial acquisition by children to improve long-term oral health.
